Introduction
============

As reported in a recent survey, cervical cancer is becoming one of the most common malignancies, threatening the survival of women, and it accounts for 50.38% of cancer-associated mortality worldwide.[@b1-ijn-13-7275] In China, the number of new cervical cancer cases increases by 61,691 every year, accounting for 29.8% of the global cases of cervical cancer.[@b2-ijn-13-7275] Although the human papillomavirus prophylaxis vaccine has been popularized in recent years, effective reduction in morbidity and mortality remains challenging because of limitations such as age, differences in immune response, and the gap between regional economic development.[@b3-ijn-13-7275],[@b4-ijn-13-7275] The combinational regimen of carboplatin and paclitaxel is considered as the gold standard for the treatment of cervical cancer in clinic and for improving the quality-of-life and prolonging the survival period of patients.[@b5-ijn-13-7275],[@b6-ijn-13-7275] However, exposure of toxic agents without tumor selectivity to physiological circulation would lead to severe side effects and even premature termination of treatment, which is also a common predicament for most chemotherapeutics.[@b7-ijn-13-7275]

Tripterine, a triterpenoid component extracted from the root of *Tripterygium wilfordii*, is capable of inhibiting the proliferation of numerous types of cancer cells, such as cervical (HeLa), lung (A549), breast (MCF-7 and MDA-MB-231), and liver (Hep G2) cancer cells.[@b8-ijn-13-7275]--[@b10-ijn-13-7275] The antitumor mechanisms of tripterine involve the upregulation of mitochondrial apoptotic proteins (Bcl-2 and Bax), interference with the expression of nuclear transcription factors (NF-κB), and blocking inflammatory pathways of NF-κB.[@b11-ijn-13-7275]--[@b17-ijn-13-7275] Owing to its potent antitumor and anti-inflammatory activities, tripterine is identified as one of the five most promising natural drugs of the 21st century.[@b18-ijn-13-7275] Until now, however, no commercial preparation has been used in clinical application due to its poor water solubility and severe systemic toxicity, including sharp weight loss and acute liver damage. To address the above-mentioned issues, nanotechnology is widely used in the field of pharmaceutics for elevating water solubility, improving oral absorption, reducing toxicity against off-target organs, and promoting distribution at the desired sites.[@b19-ijn-13-7275]--[@b29-ijn-13-7275] In our previous studies, we developed a series of coix seed oil-based microemulsions loaded with etoposide, triterpenes, and polysaccharides from different resources that exhibited synergistic anticancer effects on various tumor models. Kanglaite^®^ injection as a commercial formulation of coix seed oil has already been approved as a supplementary drug for chemotherapeutics in various anticancer treatments.[@b30-ijn-13-7275],[@b31-ijn-13-7275] According to our previous reports, combinational therapy with coix seed oil and chemotherapeutics enhances anticancer efficacy through a collaborative mechanism.[@b32-ijn-13-7275],[@b33-ijn-13-7275] Inspired by this strategy, we determined the possibility of synergistic antitumor effects after assembling tripterine and coix seed oil into a microemulsion system.

Modifying the surface of nanomolecules with a tumor-targeted ligand can improve drug accumulation at the desired sites, a commonly used and effective method for enhancing efficacy and reducing toxicity of the drug.[@b34-ijn-13-7275]--[@b39-ijn-13-7275] Transferrin receptor (TfR) is a protein that is overexpressed on the surface of many cancer cells at a density that is significantly higher than that of normal cells, making TfR a potential target for specific recognition of tumor cells. As reported previously, transferrin (Tf) acts as an iron ion shuttle in the human body and delivers iron ion payloads into the cells and then locates back to the extracellular environment after transporting iron. Thus, TfR is different from other ligands and hence is the most promising applicable tumor targeting molecule over the past decades.

In this study, we developed a dual-component microemulsion delivery system (transferrin-modified tripterine-loaded coix seed oil microemulsion \[Tf-CT-MEs\]) comprising tripterine (anticancer drug 1), coix seed oil (anticancer drug 2, in oil phase), RH 40 (surfactant), PEG 400 (cosurfactant), and Tf, which were conjugated with the hydroxyl group of PEG 400 ([Scheme 1](#f8-ijn-13-7275){ref-type="fig"}). Furthermore, the significance of the combination therapy with tripterine and coix seed oil as a microemulsion system was validated with regard to preparation, characterization, cellular studies, and molecular mechanism. Notably, we employed a HeLa three-dimensional (3D) tumor spheroid model to demonstrate the antitumor activity of Tf-CT-MEs in a microcosmic 3D structure.

Materials and methods
=====================

Materials
---------

Tripterine (purity \>99.9%) was obtained from Sinopharm Group Co, Ltd (Shanghai, China). Coix seed oil (purity \>85%) was extracted by supercritical fluid extraction.[@b40-ijn-13-7275] Cremophor^®^ RH 40 was provided by BASF Co, Ltd (Ludwigshafen, Germany). PEG 400 was purchased from Sigma-Aldrich Co (St Louis, MO, USA). Tf was purchased from Tufeng Biology Co, Ltd (Shanghai, China). 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were offered by TCI Development Co, Ltd (Shanghai, China). HeLa cells were purchased from the cell bank of the Chinese Academy of Sciences (Shanghai, China). MTT was sourced from Amresco, Inc (Solon, OH, USA). Amiloride, sucrose, genistein, and ammonium chloride were purchased from Sinopharm Group Co, Ltd. Experimental water was produced by Milli-Q water purification system (Merck Millipore, Billerica, MA, USA). All other chemicals were of analytical grade unless stated otherwise.

Preparation and characterization of microemulsions
--------------------------------------------------

Tf-CT-MEs was prepared as follows: 10 mg of tripterine was dissolved in 400 mg of coix seed oil with vigorous stirring at 600 rpm; after mixing for 2 hours, 450 mg of RH 40 and 150 mg of PEG 400 were added in the resultant mixture, followed by further magnetic stirring for 2 hours at 40°C. Next, 10 mL of deionized water was slowly added to obtain a transparent tripterine-loaded coix seed oil microemulsion (CT-MEs) solution. Finally, 50 µL of CT-MEs was dispersed in 3 mL of water, followed by the addition of 0.74 mg of EDC, 0.47 mg of NHS, and 0.55 mg of Tf and reacting for 8 hours. After ultracentrifugation at 20,000×*g* for 20 minutes, pure Tf-CT-MEs was obtained as an orange opalescent solution. The particle size and zeta potential of the microemulsions were measured by dynamic light scattering (DLS) measurement (Nano ZS; Malvern Instruments Ltd, Malvern, UK). The morphology of the microemulsions was observed by transmission electron microscopy (TEM; JEM-200CX; JEOL, Tokyo, Japan) as reported previously.[@b34-ijn-13-7275]

Drug encapsulation efficiency (EE) and drug loading efficiency (LE) of microemulsions
-------------------------------------------------------------------------------------

The EE of tripterine was calculated as follows: $$\text{EE}_{\text{tripterine}}(\%) = C \times \frac{V}{W} \times 100\%$$where C represents the tripterine concentration, V represents the microemulsion volume, and W represents the feeding weight of tripterine.

The LE of tripterine was calculated as follows: $$\text{LE}_{\text{tripterine}}(\%) = C \times \frac{V}{W}_{\text{freeze-dried~microemulsions}} \times 100\%$$where C represents the tripterine concentration of freeze-dried microemulsions, V represents the volume of freeze-dried microemulsions reconstituted in water, and W represents the weight of the freeze-dried microemulsions.

The contents of tripterine in CT-MEs and Tf-CT-MEs were determined by HPLC (1260 Infinity; Agilent Technologies, Santa Clara, CA, USA) at 426 nm. The chromatographic conditions were as follows: reversed phase C~18~ column (4.6×150 mm ×5 µm, Diamond); flow rate, 1.0 mL/min; column temperature, 30°C; mobile phase, methanol:water (90:10, v/v).

In vitro drug release
---------------------

One milliliter of the microemulsion was transferred to a dialysis bag (molecular weight cutoff of 10 kDa), followed by immersion into 120 mL of PBS (pH 7.4) with 0.5% (wt%) Tween 80 at 37°C. Fifty microliters of the medium was eluted at predetermined time intervals and then filtered through a 0.22-µm polycarbonate membrane filter. The concentration of tripterine in the samples and the accumulative release of tripterine from CT-MEs and Tf-CT-MEs were determined by HPLC.

Cell culture
------------

HeLa cells were cultured in a cell incubator with an atmosphere of 5% CO~2~ and 95% humidity at 37°C. DMEM culture medium, containing 10% FBS (v/v), 1% streptomycin (100 µg/mL), and penicillin (100 IU/mL), was used for culturing HeLa cells. After reaching 80% confluency, HeLa cells were subcultivated using trypsin at the split ratio of 1:3.

Cellular uptake and intracellular delivery
------------------------------------------

HeLa cells (1×10^5^) were seeded into six-well plates and cultured overnight. After reaching 80% of the overspread, the cells were treated with fluorescein isothiocyanate (FITC)-labeled Tf-CT-MEs (FITC/Tf-CT-MEs) for 4 hours, and FITC and FITC-labeled CT-MEs (FITC/CT-MEs) were considered controls. The concentration of FITC/Tf-CT-MEs and FITC/CT-MEs was calculated as FITC (10 µM). At the end of the incubation, the cells were rinsed with ice-cold PBS thrice, collected using trypsin without EDTA, and then harvested in 0.2 mL of PBS, followed by analysis using flow cytometry (Guava 6HT; Merck Millipore) by counting 5,000 events.

To dissect the mechanism of cellular uptake, several endocytosis pathways were blocked by low temperature and pretreatment with specific uptake inhibitors. Briefly, HeLa cells (1×10^5^) were pretreated as follows: 1 mg/mL of Tf, 54 µg/mL of genistein, 154 mg/mL of sucrose, 133 µg/mL of amiloride at 37°C, and FBS-free medium at 4°C for 1 hour. Afterward, the cells were incubated with FITC/Tf-CT-MEs and FITC/CT-MEs in the presence of the above-mentioned inhibitors for further 2 hours. The intracellular intensity was measured by flow cytometry according to a similar method mentioned above.

HeLa cells (1×10^5^) were seeded on a polylysine-coated glass sheet (Thermo Fisher Scientific, Waltham, MA, USA) in each well of 24-well plates. After reaching 50% confluence, FITC/CT-MEs and FITC/Tf-CT-MEs were incubated with cells at an FITC concentration of 10 µM for 4 hours. At the end of the incubation, the cells were washed with ice-cold PBS thrice and then stained with 50 nM LysoTracker Red (Abcam, Cambridge, UK) or 100 nM MitoTracker Red CMXRos (Yeasen, China) for 30 minutes at room temperature in the dark. Finally, the cells were fixed by 4% paraformaldehyde for 15 minutes at room temperature, followed by observation by confocal laser scanning microscopy (CLSM).

Cytotoxicity studies
--------------------

HeLa cells were seeded in 96-well plates with a density of 5×10^3^ cells/well and cultured for 24 hours. After reaching 70% of the overspread, the cells were treated with Tf-CT-MEs at predetermined tripterine concentrations; tripterine and CT-MEs were used as controls. After 24-hour incubation, the cells were stained with 10 µL of MTT solution (5 mg/mL) at 37°C for 4 hours. Then, the resultant formazan crystals were dissolved with 100 µL of dimethyl sulfoxide. A microplate reader (Varioskan Flash; Thermo Fisher Scientific) was used to measure the absorbance of formazan crystals at 570 nm. The viability ratio was calculated as follows: $$\text{Cell~viability~}(\%) = \frac{\text{OD~of~test}}{\text{OD~of~control}}.$$

Preparation of 3D tumor spheroids[@b41-ijn-13-7275]
---------------------------------------------------

HeLa cells (1×10^3^) were seeded on the surface of an agarose-based culture medium in 96-well plates at 37°C under an atmosphere of 5% CO~2~. After 10-day incubation, HeLa 3D tumor spheroids with intact spherical structure and proper size were selected for the following studies. The images of tumor spheroids were acquired by CLSM. Prior to the experiment, HeLa 3D tumor spheroids with similar size were selected and transferred to confocal dishes. Thereafter, the HeLa 3D tumor spheroids were treated with FITC/CT-MEs and FITC/Tf-CT-MEs at an FITC concentration of 10 µM for 12 hours at 37°C, followed by fixing with 4% (v%) para-formaldehyde. The samples were observed by CLSM with Z-stack tool (10 µm interval/scan) after washing adequately with PBS.

Toxicity of microemulsions against 3D tumor spheroids
-----------------------------------------------------

The cytotoxicity of the microemulsions against HeLa 3D tumor spheroids was investigated using the cell counting kit-8 (CCK-8) staining method.[@b41-ijn-13-7275] Briefly, CT-MEs and Tf-CT-MEs at predetermined concentrations were incubated with HeLa 3D tumor spheroids for 24 hours. Then, the cells were incubated with CCK-8 for further 4 hours. The absorbance of each group was recorded at 450 nm, and cell viability (%) was calculated. In addition, the size of HeLa 3D tumor spheroids was measured once every 2 days during treatment. The area of tumor spheroids was calculated by using the following formula: $$a \times b \times \frac{\pi}{4},$$where a and b are the length and width of HeLa 3D tumor spheroids, respectively. After administration of CT-MEs and Tf-CT-MEs for 14 days, HeLa 3D tumor spheroids were collected and fixed with 4% (v%) paraformaldehyde. For H&E staining, HeLa 3D tumor spheroids were visualized using a microscope (VHY-700; Olympus Corporation, Tokyo, Japan). The morphology of HeLa 3D tumor spheroids was observed by FE-SEM (field emission scanning electron microscope; Zeiss Ultra 55; Carl Zeiss Meditec AG, Jena, Germany).

Cell apoptosis assay
--------------------

Based on a previous method,[@b33-ijn-13-7275] 50 µL of HeLa cell suspension containing 5,000 cells was collected and then incubated with 50 µL of Annexin V-PE staining kit (Guava; Merck Millipore) for 15 minutes. The cell suspensions were immediately analyzed by flow cytometry.

Western blot assay
------------------

HeLa cells (2×10^3^) were treated with Tf-CT-MEs at the tripterine concentration of 2 µg/mL at 37°C, and tripterine, CT-MEs, and FBS-free medium were used as controls. After incubation for 24 hours, the cells were rinsed three times with ice-cold PBS and incubated with lysis buffer (CWBIO, China) for 2 minutes, followed by homogenization of the resultant mixture and ice-cold centrifugation at 13,000×*g* for 10 minutes. The amount of cell protein was quantified using a bicinchoninic acid assay detection kit (Thermo Fisher Scientific).[@b42-ijn-13-7275] Twenty micrograms of cell proteins were subjected to electrophoresis in SDS-PAGE gels. A polyvinylidene difluoride (PVDF) membrane was then immersed in the transfer buffer for 1.5 hours at 4°C. The PVDF membranes were blocked with 5% nonfat dry milk in TBST buffer for 1 hour at room temperature and then probed with a 1:1,000 dilution of polyclonal antibody against Cell Signaling Technology (caspase-3, Bax, Bcl-2, and GAPDH) for 12 hours at 4°C. After washing three times in TBST, the membranes were incubated in a 1:10,000 dilution of secondary antibody (DyLight™ 800) for 1 hour at room temperature. GAPDH was selected as the loading control. The Odyssey Infrared Imaging system was used for visualization. The experiments were repeated three times.

Cell cycle analysis
-------------------

The cell cycle was investigated using the propidium iodide (PI) DNA staining method as reported earlier.[@b43-ijn-13-7275] Briefly, 2×10^5^ HeLa cells were seeded in six-well plates and cultured until 70% confluency. Two types of microemulsions with predetermined concentrations (2 µg/mL) were incubated with the cells for 48 hours, harvested as a cell suspension, fixed using ice-cold 75% ethanol, centrifuged at 1,200 rpm for 10 minutes, and washed with ice-cold PBS. Next, the cells were resuspended in 0.5 mL of PI/RNase staining solution for 15 minutes at room temperature in the dark. The samples were immediately analyzed by flow cytometry.

Statistical analysis
--------------------

Statistical significance was tested by the two-tailed Student's *t*-test. It was defined as \**P*\<0.05, and extreme statistical significance was defined as \*\**P*\<0.01. Data are shown as mean ± SD.

Results and discussion
======================

Preparation and characterization
--------------------------------

CT-MEs was prepared through the one-step emulsion method as reported previously, and Tf-CT-MEs was assembled via covalent linkage of PEG 400 and Tf.[@b44-ijn-13-7275] As shown in [Figure 1A](#f1-ijn-13-7275){ref-type="fig"}, the particle size of Tf-CT-MEs was \~40 nm, which was slightly larger than that of CT-MEs. The zeta potential of Tf-CT-MEs was moderately negative (\~-14 mV), which was distinct from that of CT-MEs (only -0.357 mV). This difference was attributed to the modification of Tf on the surface of the microemulsion.[@b37-ijn-13-7275] As depicted in [Figure 1B](#f1-ijn-13-7275){ref-type="fig"}, the EEs of Tf-CT-MEs and CT-MEs were 94.50% and 98.55%, respectively. Likewise, there was no obvious difference in tripterine LE between the two types of microemulsions, and the total LE of Tf-CT-MEs and CT-MEs were 40.973% and 40.773%, respectively. The LE of tripterine in CT-MEs and Tf-CT-MEs is shown in [Figure S1](#SD1-ijn-13-7275){ref-type="supplementary-material"}. [Figure 1C](#f1-ijn-13-7275){ref-type="fig"} displays the morphology of the microemulsions. CT-MEs had a spherical structure with a particle size of 30 nm and narrow size dispersion. In contrast, the edge of Tf-CT-MEs was irregular, probably associated with the modification of Tf. The results of TEM were in line with DLS results as described above. As shown in [Figure 1D](#f1-ijn-13-7275){ref-type="fig"}, 40% of the tripterine was released from CT-MEs during the initial 4 hours, which was slightly slower (but not statistically different) than that of Tf-CT-MEs in PBS, pH 7.4. With the increase in time, at 24 hours, the accumulative release was 62.21% and 50.21% from Tf-CT-MEs and CT-MEs, respectively, suggesting that Tf modification did not influence the release profile in the physiological environment. Collectively, Tf-CT-MEs represent nanosized monodispersed particles and are strongly compatible for water-insoluble drugs and exhibit good potential stability in vivo.

Cellular uptake assay of CT-MEs and Tf-CT-MEs
---------------------------------------------

In the cellular uptake study, we qualitatively and quantitatively evaluated the uptake to demonstrate the advantage of Tf modification. As shown in [Figure 2A and B](#f2-ijn-13-7275){ref-type="fig"}, the intracellular fluorescence of both types of microemulsions was more intensive compared with that of the free FITC group, suggesting the inherent advantage of nanosized particles on internalization. Notably, the fluorescence intensity of Tf-CT-MEs was 2.28-fold higher than that of CT-MEs, indicating Tf-mediated enhancement of endocytosis.

The intracellular transport of the microemulsion was observed by CLSM. To determine the potential distribution of microemulsions after crossing the cell membrane, lysosomes were stained with a red fluorescent dye (LysoTracker Red), and microemulsions were labeled with a green fluorescent dye (FITC).[@b44-ijn-13-7275] As shown in [Figure 2C](#f2-ijn-13-7275){ref-type="fig"}, cells treated with FITC/Tf-CT-MEs were observed as obvious yellow fluorescence, indicating that the microemulsions were probably entrapped by endo/lysosomes. According to previous reports, tripterine suppresses the proliferation of tumor cells via the mitochondrial apoptosis pathway.[@b11-ijn-13-7275]--[@b17-ijn-13-7275] However, whether mitochondrial-targeted delivery of trip-terine could amplify the apoptotic effect is not yet known. As shown in [Figure 2D](#f2-ijn-13-7275){ref-type="fig"}, the mitochondria were stained with red fluorescence (MitoTracker Red) and the formulation was labeled with green fluorescence (FITC). Interestingly, the cells treated with FITC/Tf-CT-MEs displayed the obvious overlap of red and green fluorescence, which represented co-localization of the mitochondria and microemulsions. However, FITC/CT-MEs was rarely distributed at the mitochondria, which was probably because of the neutral charge. The uptake dynamics and mechanisms of HeLa cells were investigated by flow cytometry. As shown in [Figure 2E](#f2-ijn-13-7275){ref-type="fig"}, the cells required 4 hours to reach the cellular uptake platform period. Amiloride, sucrose, and genistein were used as specific inhibitors for macropinocytosis, clathrin-mediated endocytosis, and caveolae-mediated endocytosis, respectively ([Figure 2F](#f2-ijn-13-7275){ref-type="fig"}). The experimental conditions of incubation at 4°C significantly inhibited the internalization of CT-MEs and Tf-CT-MEs, suggesting that CT-MEs and Tf-CT-MEs entered HeLa cells in an energy-dependent pathway. Incubation of CT-MEs and Tf-CT-MEs with HeLa cells significantly reduced cell uptake in the presence of sucrose, indicating that clathrin is involved in the internalization. However, cellular uptake of Tf-CT-MEs decreased significantly in the presence of Tf, indicating that Tf-CT-MEs was internalized by HeLa cells via the TfR-mediated pathway.

Tumor penetration and treatment
-------------------------------

CT-MEs and Tf-CT-MEs formulated with small size were supposed to demonstrate enhanced performance of tumor penetration.[@b45-ijn-13-7275] To verify whether the tumor penetration capacity of CT-MEs and Tf-CT-MEs was improved, we observed the distribution of CT-MEs and Tf-CT-MEs in HeLa 3D tumor spheroids. As shown in [Figure 3A](#f3-ijn-13-7275){ref-type="fig"}, we observed that both CT-MEs and Tf-CT-MEs exhibited enhanced performance of tumor penetration, with distribution at a depth of 350 µm in HeLa 3D tumor spheroids (diameter of \~500 µm). Tf-CT-MEs exhibited advantageous penetration, which may be due to its particle size, and Tf modification led to the enhancement of cellular uptake. Thus, Tf-CT-MEs verified that particle size is an advantage of microemulsions, as previously reported.[@b46-ijn-13-7275]

As shown in [Figure 3B(i)](#f3-ijn-13-7275){ref-type="fig"}, HeLa 3D tumor spheroids with a diameter of \~500 µm were compact and spherical after culture for 10 days. Microscopic images of HeLa 3D tumor spheroids after treatment with CT-MEs and Tf-CT-MEs (200 µg/mL) for 24 hours are shown in [Figure 3B(ii) and (iii)](#f3-ijn-13-7275){ref-type="fig"}. H&E staining was performed 14 days after administration of Tf-CT-MEs and CT-MEs as shown in [Figure 3B(iv)--(vi)](#f3-ijn-13-7275){ref-type="fig"}. The results indicated that nanosized microemulsions can penetrate into HeLa 3D tumor spheroids to release tripterine to destroy the structure of HeLa 3D tumor spheroids.[@b47-ijn-13-7275] [Figure 3B(viii)](#f3-ijn-13-7275){ref-type="fig"} shows the FE-SEM image of the structural damage to HeLa 3D tumor spheroids after administration of Tf-CT-MEs and HeLa 3D tumor spheroids treated with DMEM is shown in [Figure 3B(vii)](#f3-ijn-13-7275){ref-type="fig"}.

We further investigated the cytotoxicity of CT-MEs and Tf-CT-MEs against HeLa 3D tumor spheroids. We observed dramatically lower cytotoxicity with IC~50~ values of 100.7 and 79.60 µg/mL for CT-MEs and Tf-CT-MEs, respectively, against HeLa 3D tumor spheroids ([Figure 3C](#f3-ijn-13-7275){ref-type="fig"}). The low cytotoxicity was primarily because of the lower uptake of tripterine by HeLa 3D tumor spheroids.

We also validated the antitumor effect of CT-MEs and Tf-CT-MEs by determining the area reduction of HeLa 3D tumor spheroids after the 14-day treatment. As shown in [Figure 3D](#f3-ijn-13-7275){ref-type="fig"}, a reduction in the area of HeLa 3D tumor spheroids was observed after treatment with CT-MEs and Tf-CT-MEs. Notably, the reduction area by Tf-CT-MEs was 1.31-fold higher than that by CT-MEs, indicating that Tf-CT-MEs exhibited better anti-cervical cancer efficacy in HeLa 3D tumor spheroids.

Antiproliferative effects in vitro
----------------------------------

The cytotoxicity of CT-MEs and Tf-CT-MEs against HeLa cells was evaluated by the MTT assay after 24 hours ([Figure 4](#f4-ijn-13-7275){ref-type="fig"}). We observed concentration-dependent antiproliferative activity of CT-MEs, Tf-CT-MEs, and the mixture when the concentration of tripterine was increased from 0.125 to 16 µM. IC~50~ values of CT-MEs and Tf-CT-MEs against HeLa cells were \~1.876±0.2020 and 0.7260±0.1520 µM, respectively. The IC~50~ value of Tf-CT-MEs was 2.58-fold lower than that of CT-MEs, illustrating the enhancement of cytotoxicity after Tf modification.

Induction of apoptosis
----------------------

Based on the results of the MTT assay and CCK-8 test ([Figures 3C](#f3-ijn-13-7275){ref-type="fig"} and [4B](#f4-ijn-13-7275){ref-type="fig"}), both CT-MEs and Tf-CT-MEs should be able to induce HeLa cell apoptosis. To confirm this design strategy, we used an Annexin V-PE cell apoptosis detection kit to detect apoptosis induction by tripterine, CT-MEs, and Tf-CT-MEs ([Figure 5A](#f5-ijn-13-7275){ref-type="fig"}).[@b34-ijn-13-7275] There was a significant difference between CT-MEs and Tf-CT-MEs in the total apoptosis rate. As shown in [Figure 5B](#f5-ijn-13-7275){ref-type="fig"}, the results indicated that at the concentration of 2 µg/mL, tripterine induced significant apoptosis compared with that by the negative control after treatment for 4 hours. Interestingly, we found that Tf-CT-MEs exhibited more significant ability to enhance apoptosis than that by CT-MEs, which may be due to the function of the Tf modification. Compared to CT-MEs (42.48%±1.34%) and tripterine (26.42%), Tf-CT-MEs (73.28%) exhibited 1.73- and 2.77-fold higher apoptosis rate, respectively. When HeLa cells were administered with a mixture of coix seed oil and tripterine, the synergistic effect suddenly declined ([Figure S2](#SD1-ijn-13-7275){ref-type="supplementary-material"}).

Western blot
------------

The action mechanisms of CT-MEs- and Tf-CT-MEs-induced cell apoptosis on HeLa cells were elaborated in this study. Typically, there are two main pathways of cell apoptosis, the extrinsic and intrinsic apoptotic pathways.[@b47-ijn-13-7275] HeLa cells were treated with CT-MEs, Tf-CT-MEs, and DMEM (as the control) for 24 hours; the total cellular protein was then extracted. The Western blot results are shown in [Figure 6A](#f6-ijn-13-7275){ref-type="fig"}. In contrast with the control group, the expression of Bcl-2/Bax was downregulated in HeLa cells ([Figure 6B](#f6-ijn-13-7275){ref-type="fig"}), but the expression of cleaved caspase-3 was significantly upregulated ([Figure 6C](#f6-ijn-13-7275){ref-type="fig"}) which indicated that CT-MEs and Tf-CT-MEs induced apoptosis in HeLa cells via the intrinsic apoptotic pathway.[@b48-ijn-13-7275],[@b49-ijn-13-7275]

Cell cycle analysis
-------------------

Antitumor drugs primarily block tumor cells in three phases of cell cycle, viz G~0~/G~1~, S, and G~2~/M.[@b50-ijn-13-7275]--[@b54-ijn-13-7275] In our study, the effects of CT-MEs and Tf-CT-MEs on cell cycle progression were determined by flow cytometry. Here, we experimentally determined the IC~50~ value of various formulations. Compared to the control group, we found a significant increase in the percentage of the G~2~ phase after treatment with CT-MEs and Tf-CT-MEs. As shown in [Figure 7A](#f7-ijn-13-7275){ref-type="fig"}, compared with the control group (19.41%), the percentage of G~2~ increased significantly to 39.73% and 35.47% when HeLa cells were treated with CT-MEs and Tf-CT-MEs, respectively, for 24 hours. According to the statistical results in [Figure 7B](#f7-ijn-13-7275){ref-type="fig"}, the inhibition of cell growth caused an increase in HeLa cells in the G~2~ phase, which subsequently induced cell apoptosis.

Conclusion
==========

In this study, we developed a dual-component microemulsion delivery system by combining coix seed oil and tripterine for cervical cancer treatment. Tf-CT-MEs with small particle size (40.02±0.21 nm) and neutral potential (-13.63±1.31 mV) exhibited high cytotoxicity and improved apoptosis induction in HeLa cells. In particular, Tf-CT-MEs exhibited more enhanced cellular uptake after Tf modification. The small size of Tf-CT-MEs enhanced tumor penetration in HeLa 3D tumor spheroids. H&E staining and FE-SEM illustrated that Tf-CT-MEs exhibited excellent antitumor activity in vitro. Western blot obviously demonstrated that the apoptotic degree of Tf-CT-MEs was higher than that of CT-MEs. We believe that Tf-CT-MEs is promising and an efficient drug delivery system for cervical cancer treatment, and its simple preparation process enables its availability as a commercial product.
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![Characterization of microemulsions.\
**Notes:** (**A**) Particle size and zeta potential of CT-MEs and Tf-CT-MEs. \*\**P*\<0.01 (n=3). (**B**) Drug EE and drug LE of CT-MEs and Tf-CT-MEs (n=3). (**C**) TEM images of CT-MEs and Tf-CT-MEs. Scale bar: 50 nm. (**D**) Release profile of CT-MEs and Tf-CT-MEs (n=3).\
**Abbreviations:** CT-MEs, tripterine-loaded coix seed oil microemulsion; EE, encapsulation efficiency; LE, loading efficiency; TEM, transmission electron microscopy; Tf-CT-MEs, transferrin-modified tripterine-loaded coix seed oil microemulsion.](ijn-13-7275Fig1){#f1-ijn-13-7275}

![(**A**) Fluorescence images of HeLa cells treated with various formulations. Scale bar: 50 µm. (**B**) Quantitation of intracellular green fluorescence intensity measured using flow cytometry (n=3). \*\**P*\<0.01. Intracellular delivery of CT-MEs and Tf-CT-MEs within HeLa cells observed using CLSM. The arrows represent Tf-CT-MEs entrapped in the (**C**) endo/lysosomes and (**D**) mitochondria. Scale bar: 25 µm. (**E**) Uptake kinetics study. Quantitation of intracellular green fluorescence intensity measured using flow cytometry (n=3). (**F**) Relative uptake efficiency of CT-MEs and Tf-CT-MEs after pretreating HeLa cells with different endocytosis inhibitors (n=3). \*\**P*\<0.01.\
**Abbreviations:** CLSM, confocal laser scanning microscopy; CT-MEs, tripterine-loaded coix seed oil microemulsion; FITC, fluorescein isothiocyanate; FITC/CT-MEs, FITC-loaded coix seed oil microemulsion; FITC/Tf-CT-MEs, FITC-loaded transferrin-modified coix seed oil microemulsion; Tf, transferrin; Tf-CT-MEs, transferrin-modified tripterine-loaded coix seed oil microemulsion.](ijn-13-7275Fig2){#f2-ijn-13-7275}

![(**A**) Evaluation on the penetration of CT-MEs and Tf-CT-MEs using HeLa 3D tumor spheres model. The green color represents the penetrated CT-MEs and Tf-CT-MEs. Scale bar: 100 µm. (**B**) Characterization of the HeLa 3D tumor spheres treated with DMEM, CT-MEs, and Tf-CT-MEs (200 µg/mL) for 24 hours by light microscope (i--iii). Besides, H&E staining (iv--vi) and FE-SEM (vii, viii) of HeLa 3D tumor spheres were also performed. Scale bar: 100 µm. (**C**) Viability of the HeLa 3D tumor spheres treated with CT-MEs and Tf-CT-MEs after 24 hours using CCK-8 (n=6). \**P*\<0.05. (**D**) Area of the HeLa 3D tumor spheres treated with CT-MEs and Tf-CT-MEs for 14 days (n=6). \*\**P*\<0.01.\
**Abbreviations:** CCK-8, cell counting kit-8; CT-MEs, tripterine-loaded coix seed oil microemulsion; FE-SEM, field emission scanning electron microscope; Tf-CT-MEs, transferrin-modified tripterine-loaded coix seed oil microemulsion.](ijn-13-7275Fig3){#f3-ijn-13-7275}

![Antiproliferative effects of CT-MEs and Tf-CT-MEs formulations against HeLa cells for 24 hours by MTT method (n=6). \*\**P*\<0.01.\
**Note:** Antiproliferative effects of (**A**) excipients and (**B**) CT-MEs and Tf-CT-MEs formulations.\
**Abbreviations:** CT-MEs, tripterine-loaded coix seed oil microemulsion; Tf-CT-MEs, transferrin-modified tripterine-loaded coix seed oil microemulsion; T, Tripterine; C, coix seed oil.](ijn-13-7275Fig4){#f4-ijn-13-7275}

![Cytotoxicity of different treatments against HeLa cells for 4 hours.\
**Notes:** (**A**) The quantification of cell apoptosis rate after various treatments of formulations. \*\**P*\<0.01. (**B**) In each quadrant of apoptosis, the upper right and lower right zones represent late apoptosis and early apoptosis, respectively (n=3).\
**Abbreviations:** CT-MEs, tripterine-loaded coix seed oil microemulsion; Tf-CT-MEs, transferrin-modified tripterine-loaded coix seed oil microemulsion; T, Tripterine; 7-ADD, 7-amino-actinomycin D; PE, phycoerythin.](ijn-13-7275Fig5){#f5-ijn-13-7275}

![(**A**) Expression of Bcl-2, Bax, caspase-3, and cleaved caspase-3 proteins was detected in HeLa cells by Western blot analysis. (**B**) Ratio of Bcl-2/Bax of each group normalized to control (n=3). (**C**) Ratio of cleaved caspase-3 normalized to control (n=3). \*\**P*\<0.01 vs control.\
**Abbreviations:** CT-MEs, tripterine-loaded coix seed oil microemulsion; Tf-CT-MEs, transferrin-modified tripterine-loaded coix seed oil microemulsion.](ijn-13-7275Fig6){#f6-ijn-13-7275}

![(**A**) Flow cytometry analysis of cell cycle phase distribution in HeLa cells. (**B**) Bar diagram showing the cell distribution in the G~1~, S, and G~2~/M phases for HeLa cells treated with different formulations (n=3). \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** CT-MEs, tripterine-loaded coix seed oil microemulsion; Tf-CT-MEs, transferrin-modified tripterine-loaded coix seed oil microemulsion; T, Tripterine.](ijn-13-7275Fig7){#f7-ijn-13-7275}

![In this coix seed components-based microemulsion system, coix seed oil was used in the oil phase, and acted as an antitumor ingredient, tripterine as an antitumor component, and Tf as an active targeting ligand was modified on the surface of Tf-CT-MEs.\
**Abbreviations:** Tf, transferrin; Tf-CT-MEs, transferrin-modified tripterine-loaded coix seed oil microemulsion.](ijn-13-7275Fig8){#f8-ijn-13-7275}
